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Introduction

u
R

ecently, radio-frequency heating for a num
ber of alternates has received new

a
tte

n
tio

n
.

–
H

igh harm
onic fast w

ave (H
H

F
W

) heating on N
S

T
X

, P
egasus.

–
L

o
w

e
r h

yb
rid

 cu
rre

n
t drive

 fo
r cu

rre
n

t p
rofile

 co
n

tro
l o

n
 M

S
T

.

–
R

otam
ak drive for the U

W
 F

R
C

 program
.

–
F

ast w
ave heating for N

C
S

X
 (although IC

R
H

 and E
C

H
 has been utilized

for years in stellarators),

–
C

urrent and rotation drive in the U
C

LA
 E

T
 experim

ent.

u
R

F
 heating of high β alternates is one of the m

ost challenging areas.

–
S

T
, R

F
P

, and F
R

C
.

u
H

H
F

W
 is one of the first forays into R

F
 heating of a high 

β alternate.
u

H
ere w

e look at H
H

F
W

 heating, and new
 possibilities for the stellarator a

n
d

F
R

C
.



H
igh H

arm
onic F

ast W
ave H

eating and C
urrent D

rive
Introduction

u
H

H
F

W
 heating as realized on N

S
T

X
 utilizes a conventional fast w

ave rf
antenna at a “conventional” frequency - 30 M

H
z.

u
H

ow
ever, low

 m
agnetic field, high density (=

low
 A

lfven velocity) in an
S

pherical T
orus favor fast w

ave heating at high 
n

o
rm

a
lize

d fre
q

u
e

n
cy

(Ω
rf /Ω

i ~
10 - 20).

–
M

odest vφ /v
T

e  for strong electron Landau dam
ping.

–
V

ery large k⊥  -- for sim
ilar param

eters, k⊥ for the fast w
ave is an

o
rd

e
r o

f m
a

g
n

itu
d

e
 larger in N

S
T

X
 than w

as the case in T
F

T
R

.

–
S

trong per-pass dam
ping, even if the dam

ping decrem
ent 

p
e

r ra
d

ia
l

w
a

ve
le

n
g

th is sm
all. Lots of w

avelengths!

þ
M

ost of the conclusions on H
H

F
W

 should carry over to other
high-beta alternates, notably the R

F
P

.



H
igh H

arm
onic F

ast W
ave H

eating and C
urrent D

rive

u
S

om
e features of H

H
F

W
 heating in an S

T
:

–
P

ow
er deposition is 

g
e

n
e

ra
lly not sensitive to Ωrf /Ω

i .

»
T

he H
 fundam

ental resonance w
ould enter the high field-side

edge in N
S

T
X

 for BT
F (0) >

 0.4 T
.

»
T

he 2Ω
H

 resonance at 1T
 could play a role at 0.6T

.

–
P

oor focussing (except at very low
 

β and/or low
 plasm

a current).
W

ave trajectory is strongly affected by poloidal field.

»
A

ccess to the axis requires very low
 

β; very low
 plasm

a current.

–
E

lectron dam
ping is alw

a
ys strong.

–
Io

n
 d

a
m

p
in

g
 is a

p
p

re
cia

ble
 fo

r T
i >

 1 keV
.

»
k

⊥ ρ
i  ~

 1 for T
i ~

 50 eV
, for typical N

S
T

X
 densities.



H
H

F
W

 electron and ion dam
ping

u
(C

onventional) fast w
ave dam

ping decrem
ent due to electrons:

w
here ξ =

 (ω
/k

|| v
T

e ). F
or constant ξ,

»
 Im

(k⊥ ) ~
 ω

n
e 3/2 T

e B
-3.

–
M

. O
no has show

n that in the high 
β regim

e that Im
(k⊥ ) ∝

 n
e .

u
T

he density, and electron tem
perature in N

S
T

X
 should eventually be

sim
ilar to L-m

ode discharges in D
III-D

 and T
F

T
R

.

u
T

he toroidal m
agnetic field in N

S
T

X
 is 5 - 10 x (or m

ore) low
er than

D
III-D

, T
F

T
R

.

–
S

trong electron dam
ping for the H

H
F

W
 is a consequence of the low

A
lfven velocity and high beta in an S

T
.

Im
/

k
v

e
A

e
⊥

−
(

) ≅(
)

ω
π

β
ξ

ξ
4

2

E
le

ctro
n

 d
a

m
p

in
g

 is stro
n

g
 fo

r H
H

F
W

 in
 a

n
 S

T
.



H
igh per-pass dam

ping in N
S

T
X

 even for startup plasm
as

Absorption (%/m)

0.4
0.6

0.8
1.0

1.2
1.4

1400

P
article absorption %

 46.35 total
1) 46.17 on electrons 2) 0.00 on 

D
eut.3) 0.18 on H

yd. 
4) 0.00 on C

arb.

R
 (m

)

T
e (0) =

 350 eV
,  T

i (0) =
 300 eV

, 

92%
 deuterium

, 2%
 hydrogen, 1%

 carbon.

Launched k||  =
 8 m

-1 at 30 M
H

z (N
||  =

 12.5).

ne (0) =
 3.0 x 10 19 m

-3.
β ∼ 3%



F
or higher β plasm

as stronger electron absorption is expected
to result in off axis pow

er deposition and current drive

u
A

t 5%
 plasm

a β the w
aves penetrate

into the plasm
a core.

u
D

riven current w
ill be peaked on

-
axis.

u
A

t 25%
 plasm

a β the w
aves are

absorbed at r/a >
 0.5.

u
D

riven current profile w
ill be

hollow
 - low
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P
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E
vidence of H

H
F

W
 heating in N

S
T

X
 has now

 been observed



H
igh fre

q
u
e
n
cy fast w

ave heating for N
C

S
X

u
Long history of R

F
 heating in stellarators.

u
B

ut - heating requirem
ents for N

C
S

X
 are som

ew
hat different than for

co
n

ve
n

tio
n

a
l ste

lla
ra

to
rs

–
S

tartup not an issue: ohm
ic system

 w
ill be available

–
M

odest current drive capability is a plus

u
Q

A
S

 design provides for a m
ore tokam

ak-like geom
etry

u
F

ield coil design favors rf launchers on the outboard equatorial plane

–
N

et result: rf heating scenarios are sim
ilar to low

-field side launch
to

ka
m

a
k sce

n
a

rio
s

u
T

o
ro

id
a

l fie
ld

 ra
n

g
e

: 1
 - 2

 T

u
H

yd
ro

g
e

n
 m

a
jo

rity p
la

sm
a

s

u
H

yd
ro

g
e

n
 N

B
I

–
D

eposition on beam
 ions w

ould enhance losses

u
D

irect electron heating desirable



N
ζ =

 0
N

ζ =
 90

N
ζ =

 180
N

ζ =
 270

O
utboard equatorial plane w

ave launch in N
C

S
X

 resem
bles a

low
 field side launch in a tokam

ak

Illustrative
m

od-B
 surfaces

C
10 configuration 



H
igh frequency fast w

ave (H
F

F
W

) heating for N
C

S
X

u
A

n attractive, flexible heating scenario for N
C

S
X

 is a close cousin of
H

H
F

W
 heating.

u
N

C
S

X
 w

ill typically operate at m
oderately susceptibility (

ω
pe 2/Ω

ce 2~
 5)

u
V

ery high frequency fast w
aves can be strongly dam

ped

u
H

igh pow
er, reliable, C

W
 sources are available for frequencies >

 300
M

H
z

u
H

ere w
e look at 350 M

H
z H

H
F

W
 heating for N

C
S

X

–
C

o
m

p
a

ct la
u

n
ch

e
rs, p

ro
b

a
b

ly fo
ld

e
d w

a
ve

g
u

id
e

–
Isolators can be im

plem
ented at this frequency

»
R

educes sensitivity of the system
 to changes in the plasm

a edge

–
C

urrent drive capability is significant

–
S

ources are typically C
W

, >
 1 M

W
 per tube



350 M
H

z H
H

F
W

 strongly absorbed in N
C

S
X

u
H

igh N
||  n

o
t re

q
u

ire
d

 fo
r stro

n
g

a
b

so
rp

tio
n

u
S

ig
n

ifica
n

t n
o

n
in

d
u

ctive
cu

rre
n

t d
rive

 ca
p

a
b

ility

–
~

0.03 - 0.05 A
/W

 (T
O

R
IC

)

–
A

ccurate estim
ate requires

d
e

ta
ile

d
 g

e
o

m
e

try
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H
H

F
W

 absorption is strong over a w
ide range in T

e , B
0
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R
F

 heating for the F
R

C

u
T

here has long been “R
F

” research into the F
R

C
 - the rotam

ak!

u
E

xtension of rotam
ak current drive to a large F

R
C

 introduces new
p

h
ysics:

–
C

yclotron resonance. F
or a rotam

ak driven at 
ω

rotating  <
 Ω

ci(equilibrium
) ,

there w
ill be a cyclotron resonance for the rotating field betw

een the
separatrix and the field null.

»
F

or a sm
all rotam

ak driven at 
ω

rotating  >
 Ω

ci(equilibrium
) , harm

onics of
the ion cyclotron frequency m

ay produce ion heating at high 
β.

u
Ion heating is desirable for an F

R
C

.

–
A

xis encircling ion orbits m
ay have a stabilizing effect on the tilt

m
o

d
e

.

–
F

ast ions on loss orbits w
ould produce a radial electric field.



u
F

ast w
aves w

ould propagate cross-
field, into the core plasm

a.

–
E

ncounter m
ultiple harm

onics of
the bulk ion cyclotron resonance.

–
S

trong dam
ping at high ion beta.

–
Ion B

ernstein w
ave generation.

–
M

in
o

rity ion heating is also
feasible.

u
S

low
 w

aves w
ould propagate along the

m
agnetic field, into a low

 field region.

–
M

agnetic beach.

u
E

ither w
ave could be used to

effectively heat ions.
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M
inority ion heating

u
M

inority ion heating has long been used in tokam
aks to create fast ion

p
o

p
u

la
tio

n
s.

u
F

ast w
ave heating of a m

inority ion is a prom
ising scenario for an F

R
C

.

u
F

R
C

 m
agnetic geom

etry 
⇒

 h
ig

h
 fie

ld
 sid

e
 la

u
n

ch
 in

 a
 to

ka
m

a
k.

–
F

ast w
ave w

ill m
ode convert to a slow

 w
ave.

–
S

trong heating of the m
inority ions, for a w

ide concentration range.

–
M

in
o

rity co
n

ce
n

tra
tio

n
 con

tro
ls fa

st io
n

 te
m

p
e

ra
tu

re
, d

e
n

sity.

u
Intent is to form

 a hot, possibly axis encircling ion population.

–
T

arget plasm
a requirem

ents are m
odest com

pared to N
B

I.

u
A

 prom
ising heating scenario is a heavy ion m

inority (
3H

e) in a light ion
(H

) m
ajority plasm

a.



H
ot plasm

a dispersion relation for 10%
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F
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W
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F
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R
F

 m
odeling of an F

R
C

 w
ill benefit from

 the S
T

 effort

u
B

ut it still ain’t easy.

u
S

how
n is an incom

pletely
converged result from

 M
E

T
S

.

–
1-D

 integral code 
(D

.
S

m
ithe, M

R
C

).

u
H

(H
e3) case for an F

R
C

u
P

ow
er deposition is >

90%
 on

the H
e3, w

ith a F
W

H
M

 of <1
cm

.

–
C

alculation perform
ed for

an F
R

C
 w

ith rs =
22 cm



Induced plasm
a rotation

u
H

ot, nontherm
al 3H

e ion population w
ould probably be subject to

significant losses.

–
F

ast ion orbits large even in com
parison to the S

T
.

u
F

ast ions on orbits w
hich intersect w

alls, flux conservers, or are
o

th
e

rw
ise

 u
n

co
n

fin
e

d
 w

ill p
ro

du
ce

 a
 lo

ss cu
rre

n
t.

–
W

ould result in generation of a radial electric field.

–
F

or φ ~
 kT

i(therm
al)  the electric field w

ould produce plasm
a rotation in

the F
R

C
 at M

 ~
 1.

u
Induced rotation via this m

echanism
 observed in tokam

aks.

–
P

roposed as rotation drive for the U
C

LA
 E

T
 experim

ent.

u
IC

R
H

 could therefore result in 
co

m
b

in
e

d hot ion +
 rotational

stabilization.

–
P

onderom
otive stabilization m

ay also be effective in an F
R

C
.



S
um

m
ary

u
N

ew
 techniques for R

F
 heating of  alternates are now

 under
in

ve
stig

a
tio

n
 o

r im
p

le
m

e
nta

tio
n

.

–
P

hysics is often distinct from
 tokam

ak rf heating.

u
O

ne of these techniques (H
F

F
W

), although it m
ay be tested first in an

alternate (N
C

S
X

), could be attractive for large tokam
aks.

–
U

n
d

e
r co

n
sid

e
ra

tio
n

 fo
r Ig

n
ito

r.

u
O

ther techniques (slow
 w

ave heating, ponderom
otive stabilization)

w
hich have not been experim

entally investigated since the m
irro

r
program

 m
ay find application in the F

R
C

.

ý
Innovation in confinem

ent concepts has led to 
    innovation in R

F
 heating techniques


